Abstract-During cardiac surgery, the excessive or insufficient contact force between the tip of catheter and heart tissue will lead to the cardiac penetration or noneffective ablative lesion. Usually, the surgeon can only estimate the force at the distal end roughly from their experience by operating the catheter's proximal handle. In this paper, we design a fiber Bragg grating-based triaxial force sensor with parallel flexure hinges to sense the contact force. The proposed mechanism integrated with parallel flexure hinges is capable of achieving an excellent lateral and axial stiffness balance to guarantee the resolution at each direction with the same order of magnitude. The mathematical model is built to design a suitable stiffness configuration and validate the design reasonability. The model-based and model-free methods are adopted to decouple lateral and axial force components. Experimental results demonstrate that the developed 8 French size force sensor can successfully achieve the triaxial force prediction with <1 g resolution using both decoupling methods. And the model-free method can accomplish a higher accuracy with RMS error <1% of full scale of [-100 g, 100 g] along the lateral direction and [0 g, 100 g] along the axial compression direction.
. Exemplary catheter ablation for pulmonary veins isolation: the tip contact force needs to be monitored in real time and adjusted to avoid noneffective or excessive tissue lesions.
should hold the proximal end of flexible and steerable tools to operate their distal end, such as endoscopic surgery, catheter ablation surgery, etc. During the procedure, the surgeon cannot feel the real situation at the tip due to the effects from the flexible long thin body and uncertain environment. So, a variety of sensing capabilities, including the vision, force, etc., are important to render the lost information. Among them, force information is one significant factor, which usually play the dominant role for the effective surgical operations inside the heart [2] , so, in this paper, we will focus on the force sensing technology.
Take the catheter ablation for the treatment of atrial fibrillation for example. As shown in Fig. 1 , the steerable catheter is inserted into the femoral artery, and goes into the left atrium through the fossa ovalis, then the surgeon operates the proximal end of the catheter to position the electrode at the distal catheter tip to target points and apply the force to the tissue, thereby providing the ablative energy to impede the electric transmission [3] . During the ablation procedure, the tip contact force is very critical and sensitive. The excessive force will lead to the penetration of cardiac tissue, while the insufficient force will not generate the sufficient lesion depth and width, and once more ablation is required [4] , [5] . Usually, the surgeon feels the pulling or pushing force from the catheter's proximal handle, then estimates the tip force roughly from their experience. The estimated force is not always accurate due to the individual experience and unpredictable passive contact between the catheter body and surrounding tissues. Hence, it is significant to assemble a miniature force sensor at the tip of the catheter to sense the triaxial force, thereby assisting the surgeon to perform the ablation procedure in a safe and effective manner.
A. Related Researches
The awareness of triaxial tip contact force is necessary and important for the surgeon to obtain the tip contact information. Researchers have developed a variety of force sensors based on different principles at the tip of the ablation catheter to sense the contact force. Here, we mainly introduce the progress of triaxial force sensors for the ablation catheter. The ThermoCool SmartTouch catheter [5] was developed by Biosense Webster. It used electromagnetic coils and a tiny spring to sense the distance change to calculate the triaxial force with 1 g resolution. The TactiCath Quartz contact force ablation catheter (St. Jude Medical Inc., Saint Paul, MN, USA) [6] was developed using a titanium sensor with three gaps to measure the changes of phase positions using the fiber optic based on Fabry-Perot interferometer, finally predicting the triaxial force with 1 g resolution. Polygerinos et al. [7] proposed a triaxial force sensor for the ablation catheter using the compliant beam and light intensity, which can accomplish 1 g resolution and good repeatability with the additional optic fiber as the compensation. Noh et al. [8] proposed an image-based triaxial force sensor using the multicores optical fiber and a charge-coupled device camera to transform the light intensity to the applied force. Most of the above force sensing solutions of the catheter tip demonstrate their capabilities to predict the triaxial contact force.
Compared to the force sensing principles above, fiber Bragg grating (FBG) sensors demonstrate their potential advantages, such as the small size, high resolution, MRI compatible characteristic, electrical immunity, etc. Moreover, they do not have the issues of light intensity fluctuations and phase discontinuities [9] - [11] . Ho et al. [12] developed two kinds of single FBG based-sensor prototypes to sense the axial force to help predict the cardiac perforation, where the preperforation signal was observed by the epoxy-based sensor successfully. However, in order to accomplish the triaxial force sensing, the critical challenge is to design a miniature elastic structure with an excellent lateral and axial stiffness balance, thereby guaranteeing reasonable resolutions with the same order of magnitude along the lateral and axial directions. Yokoyama et al. [13] presented a force sensor by adhering three FBG sensors to a deformable body, and made a preliminary test to demonstrate 1 g resolution within the range 50 g, but that is difficult to find a suitable biocompatible flexible body to provide the matching of the lateral and axial stiffnesses to provide the resolutions at the same order of magnitude along each direction. He and Gonenc et al. [11] , [14] - [16] integrated a tool with four FBG sensors, and a decoupling algorithm with the temperature compensation was developed to calculate the triaxial force of needles or forceps for the retinal surgery successfully, but their force sensors are not applicable for the cardiac surgery with a maximal contact force as 100 g. Hence, the motivation of this paper is to develop a miniature force sensor with an excellent lateral and axial stiffness balance to guarantee the resolutions with the same order of Fig. 2 ) Range -100∼100 g at lateral direction (X/Y direction) 0∼100 g at axial direction (Z direction) Resolution <1 g at X/Y/Z direction at the same order of magnitude magnitude along lateral and axial directions, thereby predicting the triaxial force with the maximal contact force as 100 g. In this paper, we present a triaxial force sensor with parallel flexure hinges and four FBG sensors to accomplish the triaxial tip force estimation with <1 g resolution along each direction. The proposed mechanism integrated with parallel flexure hinges is capable of providing an excellent lateral and axial stiffness balance by using flexure hinges to decrease the axial stiffness and a large Young's modulus tube as the inner tube to increase the bending stiffness within the limited space. Section II introduces the structure design, mathematical model, and assembly of the force sensor, and validates the mechanism using the analytical method. Section III presents the details of linear and nonlinear decoupling methods to figure out the relationship between the wavelength length changes of FBG sensors and the triaxial external force. Section IV carries out the experiments to test its feasibility and effectiveness. Sections V and VI feature discussions and a conclusion, respectively.
II. DESIGN OF TRIAXIAL FORCE SENSOR
This section will introduce the structure design, mechanism, mathematical model, and assembly of the force sensor. We first illustrate the requirements of force sensor for the steerable catheter, and the principle based on flexure hinges and parallel FBG sensors is presented. Then, the mathematical model based on beam theory is built to derive the relationship between wavelength changes of FBG sensors and external forces, and the analytical method is carried out to validate the feasibility. Finally, fabrication and assembly of the force sensor are introduced.
A. Requirements
For the commercial steerable catheter, the body of the catheter is usually composed of tip electrode, flexible body, stiff body, etc., where the flexible body has a smaller stiffness compared with the stiff body and can be easily bent to orient the tip electrode to the tissue, thereby applying the radiofrequency ablative energy. The miniature force sensor can be assembled between the flexible body of catheter and the tip electrode just like what other solutions have done [5] - [7] . When the force is applied to the tissue by the ablation electrode, the force sensor should be able to sense the triaxial contact force at the tip. According to the experience from the surgeons and the clinical data in [4] - [6] , we list the requirements of the force sensor with regard to dimension, capability, range, and resolution in Table I . The challenge is to design a miniature force sensing elastic structure with an excellent lateral and axial stiffness balance, as well as guarantee the force range and resolution at the same order of magnitude along each direction.
B. Structure and Mechanism
The proposed force sensing technology is to use FBG sensors as strain gauges, and then the strain changes can be calculated from the changes of reflective wavelengths measured by the integrator to decouple the forces. We use four optical fibers with single FBG at each fiber as the strain sensor. The detailed structure and configuration of force sensor are shown in Fig. 2 . It includes the ablation electrode, leaf spring, inner tube, outer tube, and four single-FBG optical fibers with the same mechanical parameters. The lateral fibers are defined as Fiber 1, Fiber 2, Fiber 3, and the central fiber is defined as Fiber 4.
In terms of the material selection, nitinol is a metal alloy of nickel and titanium, which is widely used for its superelastic property in medical applications. The leaf spring is made of nitinol strip from Confluent Medical Technologies (Fermont, CA, USA), which connects with the inner tube and outer tube [see Fig. 2(a) ]. Four beams serve as flexure hinges, where are sensitive to generate the axial deformation under the axial force. There is a concave space at the base of the electrode, which provides a sufficient distance to guarantee the free axial deformations of the central optical fiber and leaf spring. The inner tube is made of stainless steel, which is assembled by two tubes-Tube I and Tube II using the interference fit, as shown in Fig. 2(b) and Table II . The aim to use the stainless steel as the inner tube is to increase the bending stiffness due to its larger Young's modulus compared with other soft materials like nitinol, as well as to fulfill the dimension and stiffness requirements by using a thin wall thickness within a limited space in the lumen of outer tube. The wall thicknesses of Tube I and Tube II are 0.2 mm and 0.1 mm, respectively. The reason for using two tubes to construct the inner tube is to generate a small inner lumen for the central fiber, and a thick wall thickness to guarantee enough bending stiffness, while it can provide a supporting surface at the top for the leaf spring by using a slightly longer Tube II and shorter Tube I. It can render a large axial stiffness, but a small bending stiffness. The outer tube is made of a notched nitinol tube to enhance the compression and bending elasticity, while still keeping a good torsion stiffness. We configure three pairs of symmetric notches to Y -Z plane and X-Z plane on the outer tube, and the notch width and height are 0.6 mm and 0.3 mm with the 0.25-mm interval. The bases of inner tube and outer tube are fixed to the support part, which has a central hole and three equally distributed holes for four optical fibers (Technica, Beijing, China) to go through. In order to configure four FBG sensors to sense the strain changes, we glue three lateral FBG sensors (Fiber 1-3, purple color) along the outer surface of inner tube with the equal distributed space to sense the strain changes, and the central FBG sensor (Fiber 4, red color) was put inside the inner tube. The tip of Fiber 4 is fixed to the electrode, and the base is fixed to the support part after a specific pretention. In addition, the location of FBG sensors at all optical fibers is shown in Fig. 2 , located at the distance d c (=6.8 mm) from the tip of force sensor, nearly at the center of the flexible part. A suitable pretension for the central fiber shall be applied to guarantee a reasonable detecting range of the compression force for the ablation catheter. Details of the whole assembly can be found in Section II-E.
C. Mathematical Model
To build the relationship between the strain changes of FBG sensors and the external force, a mathematical model considering the coupled effects of components is built in this section and used to make predictions based on the linear assumption and full decoupling assumption for axial and lateral deformation. The triaxial force sensing principle is shown in Fig. 3 , where the outer tube, the inner tube, and optical fibers can be treated as the equivalent parallel springs, which render the bending elasticity, while the leaf spring, the outer tube, and the central fiber Fiber 4 can be also treated as three equivalent parallel springs, which render the axial elasticity.
1) Strain Changes of Lateral FBG Sensors Under Lateral
Loads: The outer tube, inner tube, and four fibers take the dominant of the bending elasticity, as shown in Figs. 2(b) and  3(a) . When a lateral force F x&y with the components F x and F y is applied to the tip of electrode, three lateral FBG sensors will be tensioned or compressed with the deflection of the inner tube.
Their strains can be calculated according to the beam theory as
where K BT ALL is the entire bending stiffness, which equals to K 
2) Strain Change of Central FBG Sensor Under Axial
Load: When the compression force is applied, the central FBG sensor will be released followed by the change of the wavelength as
where K CP ALL is the entire compression stiffness, which is equal to K
are the axial stiffness of the leaf spring, the outer tube, and the central fiber, respectively; F z is the external tip force along the axial direction; F P is the pretension force for the central fiber; l F is the length of central fiber within the force sensor (see Fig. 2 ). Here, K
can be expressed as E F · A F /l F . Here, A F is the area of cross section of central fiber, and E F is the elastic modulus of the fiber. (2), we can rewrite the relationship between strain changes of four FBG sensors and external forces as
where
T , and K ε F is the mapping matrix from external forces to strain changes.
As we know, the wavelength change of FBG sensor has the relationship with strains from the loads and temperature as
where Δε F i is the true strain change from deformation of ith fiber; ΔT i is the temperature change; k ε and k T are the coefficients of strain and temperature, respectively. In order to remove the effects of the temperature and axial force applied at the lateral fibers, the method in [11] is used by subtracting an average value of three lateral fibers, as shown below
Here, Δs i is an equivalent wavelength value of FBG sensor at i-th fiber. After substituting (5) into (3) and (4), the linear relationship can be expressed as 
D. Analytical Validation
In order to guarantee the feasibility and resolution requirements of the developed force sensor, several constraints are considered.
1) The minimal value of ε F 4 in (2) should be always larger than 0, which means the fiber will not be loosened.
2) The maximal absolute value of Δε F i should be larger than 83 μ under a 100 g tip load to guarantee a reasonable resolution with less than 1 g, because 100 g is corresponding to 83 μ according to (4) when ΔT i is ignored and Δλ i is 100 pm.
3) The maximal absolute value of Δε F i should be smaller than 2000 μ for the sake of safe range, although the fiber's strain limit is larger than 5000 μ, as provided by the fiber manufacturer. We use the mathematical model to validate the structure using the designated dimension of the components in Table II . So given the pretension force F P as 150 g and the maximal tip load as 100 g, we substitute the parameters into (1) and (2), and results are ε F 4 = 800.6 μ, |Δε F i | max (i = 1 ∼ 3) = 715.4 μ, |Δε F 4 | = 388.9 μ, which fulfill the requirements of constraints above. Moreover, it indicates that the lateral strain changes-Δε F i (i = 1 − 3) and the axial strain change Δε F 4 have the same order of magnitude when the sensor is subjected to 100-g force at the axial and lateral directions, so the strain sensitivity is at the same level. Hence, the resolutions are with the same order of magnitude as required in Table I .
E. Fabrication and Assembly
Fabrication and assembly quality affect the precision of components and the whole sensor. We chose the laser cutting technology to cut out the notches of the outer tube, also the leaf spring, which guaranteed the accuracy of the microstructure. The outer surface of the inner tube was also grooved with three equally distributed slots, where three lateral fibers were put inside and glued together [see Fig. 4(a) ]. The leaf spring with four beams, the cap, as well as the electrode part, were embedded into the upper slots of the outer tube [see Fig. 4(b) ]. Finally, the glue was used to fix all the parts. The glue used during the assembly is Loctite 4013, which is a transparent medical glue, and suitable for use in the assembly of disposal medical devices. The key assembly procedure can be found in Fig. 4 , where the fourth fiber was fixed to the electrode at the tip and the support part at the base after the pretension. The whole length of the assembly from the tip to the bottom of the support is 11 mm, and the largest diameter is Φ 2.6 mm (ࣘ8 French size) for the electrode.
III. FORCE DECOUPLING
Given the raw reading data from four FBG sensors and the applied force, we aim to find a mapping method to decouple the real triaxial external force. The problem is to seek the relationship between the wavelength changes of four FBG sensors and three force components. Here, two methods, model-based and model-free decoupling methods, are adopted.
A. Model-Based Linear Decoupling
Model-based method aims to calculate the mapping matrix to decouple the relationship between the external force and the equivalent wavelength changes in (6) . Then the estimated force can be expressed as
where K F s is 3-by-4 pseudoinverse matrix of K s F . In order to calculate K F s , the calibration is usually carried out based on the collected data to find the best-fit value. Here, the regression with the least-squared method was used for calibration, and K-fold cross validation was used to evaluate the accuracy of the proposed model-based method. Results can be found in Section IV-B.
B. Model-Free Nonlinear Decoupling
In the above section, we have built the formula to decouple the relationship between the inputs and outputs. However, they are simplified by making linear assumptions without considering the potential nonlinearity. So, the data driven method may be better to address the potential nonlinearity. Support vector machines (SVMs), as a supervised learning model, is very popular to address the big data for classification and regression [17] .
In this paper, we use the SVM for regression, which is usually called support vector regression (SVR). The principle of SVR is similar with SVM, which is to minimize the error by individualizing the hyperplane to maximize the margin with the partly tolerated error. The procedure can be summarized into four steps as shown below.
1) Collect the original data for training and testing.
2) Choose an appropriate kernel function for nonlinear mapping. 3) Select an optimal model for training on the input data by finding the penalty function C and the parameter of the radial basis function (RBF) kernel γ. 4) Adapt the cross validation method to evaluate the performance of SVR. An open-source library of SVM called LIBSVM developed by C. Chang and C. Lin [18] is used to perform the regression using the RBF as the kernel function for the training of the nonlinear data. Grid search and K-fold cross validation were adopted for parameter tuning in regression. Finally, we can obtain the best parameters, which indicate the best training effects.
IV. EXPERIMENTS AND RESULTS
In order to validate the capability of the force sensor, as well as the decoupling methods, an experimental setup was built up to collect the raw data. Through the analysis of the raw data, the accuracy and resolution were evaluated. Two decoupling methods were also compared. Details can be found in the following sections.
A. Experimental Setup and Procedure
Fig . 5 shows the prototype of experimental setup for the data collection of force sensor. A linear stage integrated with a rotary stage was used to provide the movement in the perpendicular direction and the rotation along the tip of the force sensor. Also, the force sensor was fixed with a micrometer head via a secondary support; then, it can rotate along its longitude axis. In order to apply the force sensor to the phantom in any possible direction, we defined the yawing angle, rolling angle, and the forward/backward movement as α, β, d, respectively. During the procedure, the yawing angle was changed to π/6, π/3, π/2, 2π/3, 5π/6, and the rolling angle was changed to 0, π/4, π/2, 3π/4, which formed 20 cases covering most of the working directions for the force sensor. Then the actual external force can be expressed as
where F S is the measured external tip force from the scale. At each yawing and rolling angle, the linear stage was rotated to move the tip of force sensor forward or backward to contact with the phantom on the scale. The force data from the scale and the raw wavelength readings of four FBG sensors from the interrogator were collected simultaneously. During the procedure, the force magnitude from 1 to 100 g in 1 g increments/decrements was applied for five times with each yawing angle and rolling angle; then, 10 000 groups of data in total were collected. One group of experimental data is plotted in Fig. 6 with α = π/6 and β = π/4, where it shows the relationship between the equivalent wavelengths of four FBG sensors and the external force magnitude.
B. Calibration and Training
All the raw data from the interrogator were addressed first by using (5) to remove the temperature and axial force applied at the lateral fibers. For the model-based method in Section III-A, we found a best-fit pseudoinverse matrix using the least-squared regression as Then given K F s , the contact force can be calculated according to (6) .
Similarly, we also used the data to train the proposed nonlinear model-free method in Section III-B. Using the grid search method, we got the best parameters C and γ of the RBF kernel SVR as 8 and 8, respectively. Then, using the trained SVR model, we can predict the force when given the wavelengths of four FBG sensors as the inputs.
C. Validation of Accuracy
In order to validate the prediction capability of the proposed decoupled methods, K-fold cross validation was used to evaluate the performance. In this paper, K was set as 10 to test the prediction accuracy of both the proposed models.
We used the proposed force decoupling method in Section III to estimate the external force. The fitting results of model-based and model-free method are displayed in Fig. 7 . Results show that there is a deviation between the predicted forces and actual forces using the model-based method [see Fig. 7(a) ], and RMS errors are 4.17 g and 4.38 g for the lateral forces, and 8.08 g for the axial force. While the model-free method shows a great prediction of all force components with RMS errors as 1.39 g and 1.36 g for the lateral forces and 0.81 g for the axial force. By comparing two methods, the model-free method can provide a better prediction with the RMS error less than 1% of the full scale, where the model-based method can only provide the RMS error less than 3% of the full scale along the lateral direction, and less than 9% along the axial direction. The histograms of all residual errors for three force components and the resultant force are shown in Fig. 8 .
D. Validation of Resolution
The wavelength resolution of interrogator is 1 pm. In order to validate the resolution of force sensor, we can substitute 1 pm into (6) in the model-based method, as well as the training model in the model-free approach. Results indicate that the resolutions of all the components of predicted force for the model-based method are 0.09 g, and the resolutions of F x , F y , F z for the model-free method are 0.20, 0.18, and 0.13 g, individually. They are less than 1 g, all of which fulfill the resolution requirement in Table I .
V. DISCUSSIONS

A. Design, Manufacture, and Assembly
With this design, the results have demonstrated the resolution at the same order of magnitude. In the future, in order to keep the resolutions along the lateral and axial directions as close as possible to make the most of FBG sensitivity, there are several parameters that can be adjusted to accomplish the aim. They include the diameter of inner tube, the diameter and wall thickness of the outer tube, the notch parameters of the outer tube, the thickness of the leaf spring, the width of each beam, etc.
The central fiber should only have the axial elongation affected by the pretension and axial load, but the potential friction between them from the misalignment will affect the strain of the central fiber, though the lubricant has been used during the assembly. Three fibers are fixed in the small slots of the inner tube, whose locations are affected by the laser cutting procedure, as well as the manual gluing procedure. In addition, the assembly of the force sensor needs to be done manually step by step, which is unavoidably affected by the assembly accu- racy. In future, it is possible to three-dimensionally print the leaf spring and outer tube in a single body to avoid the tolerance of assembly.
In future, we will use a biocompatible and soft plastic sleeve with a thin wall thickness to enclose the sensor part between the tip electrode and support part without affecting its dimension and mechanical characteristics significantly, which will help isolate the force sensor from the surrouding environment. In addtion, microelectromechanical systems (MEMS) technology has demonstrated its potential to fabricate the precise structrures for guide wire applications, and piezoresistive silicon nanowires were used to detecte the triaxial force by calculating the change of its resistance [19 ] . Also, the superelastic nitinol wire has been used successfully as the sensor by measuring the change of resistant to calculate the force for the applications in minimally invasive surgery [20] .
B. Decoupling Methods
In the model-based method, we assumed that the lateral deformation and axial deformation can be linearly decoupled. However, in the real scenario, when the force sensor is subject to the lateral force, the leaf spring cannot fully transmit the lateral deformation to the inner tube due to its local slight deformation, which affects the strain of fibers glued on the inner tube. Moreover, model-based method assumed that force sensor has the homogenous property, which cannot be guaranteed because of the fabrication and assembly. While the model-free method is a data driven supervised method, and it can learn the nonlinear relationship resulting from the fabrication and assembly as accurately as possible. Comparing two methods, the supervised method is promising to give a better estimation and has the capability to address the uncertainty.
VI. CONCLUSION
We have proposed a miniature FBG-based triaxial force sensor with parallel flexure hinges to accomplish the triaxial tip contact force estimation. The proposed mechanism integrated with parallel flexure hinges and the mathematical model have demonstrated its capability to accomplish <1 g resolutions at the same order of magnitude along the lateral and axial directions. Two decoupling methods were proposed and compared to map the relationship between the wavelength changes of FBG sensors and the tip contact force. Experiments were implemented to validate the feasibility and capability. Results indicate that the proposed force sensor has at least the range of [-100 g, 100 g] for the lateral force and [0 g, 100 g] for the axial compression force. We also demonstrated that the resolutions of the lateral and axial forces for both the linear and nonlinear methods are less than 1 g. Moreover, the RMS error for model-based method is less than 9%, and that for the model-free method is less than 1%.
The proposed structure and mechanism with parallel flexure hinges demonstrate the potential applications to integrate with a variety of dexterous tools and instruments in other minimally invasive surgeries, such as laparoscopic surgery, single port surgery, etc. In future, we will optimize the structure to minimize the whole dimension further and achieve the same axial and lateral resolutions, and then integrate it with the ablation catheter for further evaluation in vivo tests. Furthermore, the miniature triaxial force sensor also provides a potential to accomplish the tip force feedback for the close-loop master-slave force control by integrating the mechanical model [21] , and also provide a visual display in the screen [6] or a haptic feedback to the joystick, which will largely enhance the effectiveness and safety of catheter ablation procedure.
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